Abstract Black tea manufacture usually involves the processes of withering, cutting, fermentation and drying. The aim of present study was to evaluate the effect of the relationship between the quality and withering with different light sources (ultraviolet, yellow, blue, purple, orange, red, cyan, green and white) an quality attribute of tea. The results indicated that the yellow, orange and red light withering significantly improved the aroma and taste, imparting the tea a sweet flavor and a fresh and mellow taste. Tea treated with yellow light was scored highest the sensory scores and showed the highest content in catechins, theaflavins, amino acids and aroma components, followed by the orange and red light treatments. The black tea withered with ultraviolet light showed a strong astringency, probably resulting from low contents of theaflavins, amino acids and soluble sugar. The green light irradiation remarkably damaged the aroma and taste of the tea, leading to a strong greenish flavor and an astringent taste, probably owing to the lowest contents of chemical compositions. No significant cumulative effect was found in the hybrid light withering treatments. Therefore, monochromatic yellow, orange and red lights were suggested for withering the black tea to improve its overall quality.
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Introduction
Research shows that there are at least three kinds of photoreceptors in plants to perceive and detect optical signals (Franklin et al. 2005) . Two of them are pigment protein dimers and can be excited after absorbing different light wavelengths. Most excitation energy was transformed into photochemical energy for reactions in physiological metabolism in plants, such as electron transport, phosphorylation and changes of molecular configuration. Meanwhile, the growth and quality of plants also varied Zeyi Ai and Beibei Zhang have contributed equally to this work and should be considered co-first authors.
with different lights (Ahmad and Cashmore 1993; Christie 1998; Lin et al. 1997 ). Talbott et al. found a 173% increase of malic acid in stomatal guard cells of broad bean after 30 min irradiation of blue light and a 215% increase of sugar content with 2 h blue light treatment (Talbott and Zeiger 1993) . Additionally, light also has a close relationship with plant secondary metabolites. Wang et al. (1989) used light film mulching on ginseng and found that purple and yellow film mulching could significantly increase the content of ginsenoside. Several reports also showed that ultraviolet light and blue light could promote the synthesis of flavonoids while red light had the opposite function (Zhang et al. 2004; Zhao et al. 1999) . Tea, a widely consumed global beverage, has been reported to be beneficial to health in terms of reducing the risk of cardiovascular diseases and some forms of cancer, antibacteria, antiviral activity and so on (Friedman 2007) . Basically, tea is classified into six types: green tea, black tea, oolong tea, white tea, yellow tea and dark tea (Wu et al. 2014) . Improving the quality of these teas to meet the increasing requirements of consumers has always been the goal of tea processing enterprises. In the processing of oolong and black tea, withering fresh leaves under sunlight is popular in China since this procedure was believed to decrease the bitter taste and improve the aroma quality (Wan et al. 2015) . Increasing lines of evidence showed that light irradiation on plucked leaves during withering of oolong tea could change the chemical components. For example, Fan et al. (2012) found that, after withering oolong tea with irradiation of infrared lamp, the contents of Epigallocatechingallate (EGCG) and Epicatechingallate (ECG) decreased while Epicatechin (EC), catechin (C), amino acids, theaflavin and water extract prominently increased. Compared with oolong tea, the withering of black tea takes more time (C8 h at 25-35°C) and loses more water (about 15-20%) . During this process, the activity of hydrolase rises remarkably so that the proteins and polysaccharides slowly hydrolyze, which contributes to the tea quality. Sunlight was often used in withering black tea, but the function and mechanism by which the sunlight modifies the chemical components and qualities remain unknown. In the present study, different lights (ultraviolet, yellow, blue, purple, orange, red, cyan, green and white) were exploited to wither plucked leaves, then the withered leaves were subjected to cutting, fermentation and drying, and finally the relationship between the tea quality and light illumination was investigated by evaluating the sensory quality and chemical compositions of the made tea.
Materials and methods
Materials
Catechin, theaflavins and theanine were purchased from Sigma-Aldrich Co., USA. Acetonitrile and methanol of chromatographically pure grade were purchased from Fisher Chem. Alert Guide (New Jersey, USA). Diethyl ether of chromatographically pure grade was purchased from Duksan Co., Korea. The lamps of each monochromater were gifts from China Jiliang University (Hangzhou, China). Other reagents were all purchased from Shanghai Pharmaceutical Group Co., LTD (Shanghai, China) and were of analytical grade.
Methods
The design of experimental equipment
The withering equipment ( Fig. 1 ) was designed as a cubic wooden framework (1.0 9 0.5 9 0.6 m 3 ), with a wire net dividing the structure into an upper and a lower layer. On the right side of the lower layer, a fan was fixed to blow the fresh air in, and a foam board of the same width was installed to form an inclined plane, on which a 10-cm-high wind deflector was fixed about 30 cm away from the fan. Each surface of the equipment was covered by a foam board with an air outlet, with a 225-cm 2 (15 9 15 cm 2 ) hole on the left side of the upper layer. For each withering equipment, two lamp tubes were arranged in parallel and suspended from the ceiling.
Experiment of withering with different lights
Young tea shoots for processing (most with two leaves and a bud, and a few with one leaf and a bud) were harvested from the clone Fudingdabai (Camellia sinensis L.) in July, 2012 from the Experimental Farm at Huazhong Agricultural University. The freshly plucked tea leaves were loaded in the withering equipment at a thickness of 5 cm and a distance of 15 cm between lamp tubes and tea leaves. Then the tea shoots were withered separately at room temperature of 26°C and relative humidity of 70% for 9 h under one type of the following light sources (yellow (585-590 nm, 1120-1430 lx), blue (410-430 nm, 190-270 lx), purple (390-410 nm, 200-260 lx) , orange (590-600 nm, 1038-2000 lx), red (630-640 nm, 725-1015 lx), cyan (515-525 nm, 240-300 lx), green(555-565 nm, 2610-3680 lx), white (380-710 nm, 480-620 lx), ultraviolet light (260 nm, 540-710 lx)), and stirred every 1.5 h, with the ambient air of the leaves regulated by fan (on for 4 h, then off for 1 h and then on again). Meanwhile, dark treatment (no light in the withering equipment) was also performed and white light treatment was taken as control. The withered leaves were subjected to twisting and cutting machine in a continuous five-cut system. The machine-rolled leaves were fermented in an artificial climate box (RXZ-328A, China) at 30°C and 85% relative humidity for 5.5 h with air flow, followed by treatment in a far infrared drying oven first at 135°C for 30 min, then at 105°C for about 1.5 h to obtain black tea containing about 5% moisture.
Experiment of withering with hybrid lights
The interaction between different lights was investigated by using 4 hybrid lights (red ? yellow light, yellow ? ultraviolet light, red ? ultraviolet light and red ? yellow ? ultraviolet light) for the withering experiment. For each equipment, two or three lamp tubes with different lights were arranged in parallel and suspended from the ceiling. Meanwhile, three individual lights (red, yellow and ultraviolet light) were taken as control. Other procedures were the same as those described in Sect. Experiment of withering with different lights.
Sensory quality analysis
Black tea samples (10 g) were infused with 150 ml of boiled water for 5 min, and evaluated for sensory quality by three professional tea tasters from the Department of Tea Science at Huazhong Agricultural University, using the black tea quality grading system widely adopted in China (Liang et al. 2005) . Evaluation was based on a total score of 100 marks, with 10% for the appearance of the dry tea, 30% for the aroma, 15% for the infusion color, 35% for the taste and 10% for the infused leaves. (ISO 2005b) . The separation was performed on an ODS reversed-phase column (4.6 mm i.d. 9 250 mm, 4.5 lm, TC-C18, Agela Technologies) in an Agilent LC1200 system (Agilent, USA) with a mobile phase of 9% acetonitrile containing 0.2% ethylene diamine tetraacetic acid (EDTA) and 2% acetic acid, at a flow-rate of 1.0 ml/ min. 4. The free amino acids content was determined by using L-8800 automatic amino acid analyzer (Hitachi, Japan) according to the reference of the national standard of the PRC (GB/T5009.124-2003) (GB 2003 ). An ion exchange column (2622sc.ph, 4.6 9 60 mm) was chosen for the analysis with the temperatures of the reaction column and the separation column set at 57 and 135°C, the column pressures at 10.0 MPa and 1.07 MPa, and the flow velocities at 0.40 and 0.35, respectively. 5. Aroma component was determined by using the simultaneous distillation and extraction (SDE) method to obtain aroma oils, and the Gas ChromatographyMass Spectrometer (GC-MS) (Trace GM -PolarisQ MS) was used for separation and identification. Helium (He) was used as a carrier gas with a flow rate of 1.0 mL/min. The capillary column (DB-5MS, Fig. 1 Structure of light withering equipment. 1 wind deflector, 2 fan, 3 inclined plane, 4 plucked tea shoots, 5 air outlet, 6 wooden framework covered with foam board, 7 foam board cover, 8 wire net, 9 lamp tubes, 10 the upper layer, 11 the lower layer 30 m 9 0.25 mm 9 0.22 mm) was temperature programmed to 40°C and hold for 2 min, then up to 110°C at 2.0°C/min and hold for 2 min, then up to 160°C at 5.0°C/min and hold for 1 min, and finally up to 220°C at 5.0°C/min and hold for 5 min. The GC-MS analysis was performed by electron impact (EI) ionization with electron energy of 70 eV, and the scan was from 50 to 650 amu. The aroma components were determined according to the spectral library and the literatures. The relative content of aroma components was calculated by using the ratio of peak area of the internal standard. 6. Theaflavin content was analyzed by quantifying the theaflavin extract using HPLC as described above in ''3) Tea catechins component'' (ISO 2005b) .
Statistical analysis
All experimental data were analyzed by Excel and SPSS. The significance of differences between experimental groups was analyzed by variance analysis (ANOVA). For the significant values, the means were separated by the least significant difference (LSD) test at P B 0.05 (* significant) and 0.01(** highly significant).
Results
Effect of light treatments on sensory quality
As shown in Table 1 , the different light treatments during withering caused a remarkable influence on aroma, taste and appearance of black tea, but little on liquor color and infused leaf. Sweet aroma was detected in the yellow, red, orange and ultraviolet light treatments, resulting in a high score (C26.3 ± 1.5), but no obvious sweet aroma was found in the cyan, dark and white light treatments. Interestingly, strong greenish flavor was sensed in the green light treatment, leading to the lowest sensory score (23.2 ± 0.8). The difference in taste is also listed in Table 1 . The yellow, orange and red light treatments significantly improved the black tea taste, imparting it a fresh and mellow taste, which contributed to a high score (C31.5 ± 0.5). However, the taste of black tea treated with dark and white light was just mellow, lacking fresh taste. Apart from the greenish aroma, the green light treatment also damaged the taste quality with green and astringency, which caused the lowest sensory score (27.3 ± 1.2). Overall, the yellow light treatment showed the best sensory quality, followed by the orange and red light treatments.
Effect of light treatments on soluble sugar, polyphenol and catechins
The effect of different withering lights on soluble sugar, polyphenol and catechins of black tea was presented in Table 2 . Except for polyphenol, the light treatments varied significantly in their effects on the contents of soluble sugar (P \ 0.05) and total tea catechins (P \ 0.01). In the content of soluble sugar, the red and yellow light treatments, when compared with the white light treatment, showed a significant increase of 7.38 and 7.16% (P \ 0.05), respectively, while the other treatments except for the dark treatment all had a slight but not significant increase. (10) TQS (100) Dark 8.1 ± 0.1cde 24.3 ± 1.2bc 12.5 ± 0.5a 28.7 ± 0.6de 8.5 ± 0.1a 82.1 ± 0.4de
Ultraviolet light 8.8 ± 0.3ab 26.3 ± 1.5a 12.7 ± 0.6a 29.7 ± 0.6cd 8.5 ± 0.2a 85.9 ± 1.3bc
Yellow light 8.9 ± 0.3a 26.7 ± 1.3a 13.2 ± 0.3a 32.0 ± 0.5a 8.5 ± 0.1a 89.3 ± 1.9a
Blue light 8.6 ± 0.4abc 25.7 ± 0.6ab 13.5 ± 0.5a 30.5 ± 0.5abc 8.5 ± 0.2a 86.8 ± 1.1abc
Purple light 8.5 ± 0.3abc 25.5 ± 0.5ab 13.5 ± 0.5a 30.0 ± 1.0bcd 8.5 ± 0.1a 86.0 ± 1.3bc
White light 8.0 ± 0.2de 24.0 ± 1.3bc 12.6 ± 0.6a 28.7 ± 0.6de 8.5 ± 0.1a 81.7 ± 0.6e
Orange light 8.9 ± 0.2a 26.7 ± 1.0a 13.0 ± 1.0a 31.5 ± 0.5ab 8.5 ± 0.2a 88.6 ± 2.3ab
Red light 8.9 ± 0.4ac 26.7 ± 0.3a 12.7 ± 0.6a 31.5 ± 1.5ab 8.5 ± 0.2a 88.3 ± 1.7ab
Cyan light 8.3 ± 0.3bd 25.0 ± 1.0abc 12.7 ± 0.3a 30.0 ± 1.0bcd 8.5 ± 0.3a 84.5 ± 2.0cd
Green light 7.8 ± 0.3e 23.2 ± 0.8c 12.7 ± 0.3a 27.3 ± 1.2e 8.5 ± 0.3a 79.4 ± 1.4e
Mean values with the same lower case letters in the same column indicate no significant difference at p = 0.05 SD standard deviation, TQS total quality score; each value was the average of three different samples The effect of lights on the content of total catechins was in the order of yellow light
, with no significant difference among the ultraviolet, blue and orange light treatments or among the green, red, cyan, dark and white light treatments. Table 2 also listed the effects of different withering lights on main categories of catechin, with the highest amounts of gallocatechin (GC), EGCG and ECG found in the yellow light, and the highest EC in the orange light. It was also found that the different lights could not remarkably affect C, but green light could significantly increase epigallocatechin (EGC) content with the highest amount of 4.72 ± 0.14 mg/g.
Effect of light treatments on theaflavins
Theaflavins are important components of black tea taste. As shown in Table 3 , light treatments had significant influence on theaflavins (P \ 0.01), with yellow [ or-
No obvious difference (P [ 0.01) was observed among yellow, orange, cyan, blue and red light treatments, and between dark and ultraviolet light treatments. The predominant categories of theaflavin are Theaflavin (TF1), Theaflavin-3-gallate (TF2A), Theaflavin-3 0 -gallate (TF2B) and Theaflavin-3, 3 0 -digallate (TF3), which showed the same tendency as total theaflavins. The results indicated that yellow, orange and red light treatments could improve the taste quality of black tea.
Effect of light treatments on amino acids
The highest content of amino acids was found in the yellow light (9.92 mg/g), followed by purple (9.81 mg/g), cyan (9.47 mg/g), orange (9.47 mg/g), red (9.37 mg/g), ultraviolet (9.26 mg/g), blue (9.34 mg/g), white (9.11 mg/g), dark (9.08 mg/g) and green light (8.77 mg/g). No significant difference was observed between yellow and purple light treatments, nor among the cyan, orange and red light treatments or among the red, blue and ultraviolet light treatments. On the contrary, the green light treatment could significantly decrease the content of amino acids. According to Table 4 , light treatments could produce obvious effect on most amino acids except for glycine, methionine and ornithine. Furthermore, the influence varied with lights. For instance, the yellow light had the highest content of theanine, glutamic acid, leucine, isoleucine, lysine and proline, while ultraviolet light showed the highest content of alanine and c-aminobutyric acid. However, the green light exhibited the lowest content of all the amino acids. The results suggested that, compared with white light and dark treatment, yellow, purple, cyan, orange, red, blue and ultraviolet light could increase the content of amino acids, but not the green light.
Effect of light treatments on aroma components
A total of 186 aroma substances were identified in aroma extracts from black tea and the main components were presented in Table 5 . Hydrocarbons, alcohols, amides, acidic and esters, aldehydes and ketones, aromatics and heterocyclic compounds were the predominant aroma components in the tested black teas as showed in Table 6 . The effect of the treatments on the total aroma content was in the order of yellow (24. Table 6 , light treatments varied in their effects on aroma components. Firstly, the light treatments except cyan light all caused a significant increase of aldehydes and ketones content than the CK (white light), among which orange light had the highest content (10.53 ± 0.16) and yellow, red, blue light and dark treatments showed no significant differences with orange light. Secondly, red lights (7.50 ± 0.01), ultraviolet (7.29 ± 0.18), yellow (7.05 ± 0.25), blue (7.05 ± 0.10) all had a significant rise of the alcohols content than the control (5.76 ± 0.09) with no significant differences among each other. Thirdly, blue light had a significant increase of acidic and esters content (3.11 ± 0.05), followed with yellow (2.87 ± 0.08), purple (2.80 ± 0.25), ultraviolet (2.78 ± 0.02) light. Also, hydrocarbons, aromatics and heterocyclic compounds both had the same increase tendency. Blue light (1.96 ± 0.02) had the highest hydrocarbons content while red light (2.23 ± 0.13) had the highest aromatics and heterocyclic compounds. However, red (0.27 ± 0.09), yellow (0.24 ± 0.00), orange light (0.19 ± 0.00) showed a decrease of amides content than the control (0.30 ± 0.07). The results also revealed that the yellow, red and orange light treatments, which had a high aroma sensory score, also showed a high content of key aroma compounds, including hexanal, trans-3-Propyalacrolein, phenylacetaldehyde, geraniol, nerol, cedrol and so on. Among them, nerol [(Z)-isomer] and its isomer geraniol [(E)-isomer], which produce a sweet smell, were important indicators of high-grade black tea. The orange and yellow light treatments had the highest contents of nerol (0.13) and geraniol (1.23), respectively, which were 2.6 and 1.23 times that of cyan light treatment (the lowest, 0.05, 0.61, respectively). Additionally, the red light treatment with a high aroma score also had a high content of nerol (0.12) and geraniol (1.21). Conversely, the green light treatment had some compounds that are almost not present in other treatments, such as 1-octen-3-ol, 2-sec-butyl-cyclopentane, cis-11-eicosenamide and phenylethyl alcohol, which may cause bad smells to black tea, leading to the lowest aroma score.
Effect of hybrid light withering
The aforementioned results showed that the red, yellow and ultraviolet light withering could improve the tea quality. Table 4 Effects of light sources on amino acid composition(mg/g) of tea (mean ± Thus the interaction between different lights was investigated by using four hybrid lights. The result in Table 7 showed no significant difference in the sensory quality scores between hybrid lights and monochromatic light, implying that hybrid light withering had little cumulative effect. It was also found that the black tea withered with ultraviolet light, whether monochromatic or hybrid, showed a similar strong astringency. As shown in Fig. 2 , no significant difference was found between hybrid and monochromatic light treatments in the content of polyphenol, soluble sugar and amino acids. Therefore, monochromatic light could be suggested to use for withering to improve the quality of black tea.
Discussion
Amino acids, soluble sugars, tea polyphenols and their oxidation products (theaflavins) are the main taste contributors to the black tea and are responsible for the brisk, sweet, astringent and strong tastes of black tea (Roberts and Smith 1963; Scharbert et al. 2004 ). So high-quality black tea requires not only more quantity of these components, but also their suitable proportion. The present study indicated that yellow, orange and red light treatments were likely beneficial to a better taste of black tea, probably due to a higher content of amino acids (P \ 0.05), theaflavins (P \ 0.01) and soluble sugars (P [ 0.01) than the control. While the other treatments like purple, cyan light and dark could also significantly increase the content of amino acids, the lower content of catechins could lead to a slightly lower taste score. Likewise, the ultraviolet light treatment could obviously increase the concentration of polyphenols and catechins, but the relatively lower content of amino acids and soluble sugar could result in an astringent taste with less freshness and sweetness. The photoreceptors of leaf cells had a selective character in absorbing solar spectra. Photopigment and other compounds in leaf cells can absorb the luminous energy to catalyze the physiological activity of the enzyme, leading to a series of reactions and eventually affecting the black tea quality (Wang et al. 2006) . The photoreceptors in tea leaf mainly include photopigment receptors, polyphenols, amino acids and so on. Firstly, chlorophyll and carotenoid are the most important photopigment receptors involved in photosynthesis, indicating that the photosynthesis and its products such as soluble sugar can be influenced by different light treatments. The maximum absorption peaks of chlorophyll and carotenoid are located in the red and orange light area (580-760 nm), followed by the blue and purple light area (390-480 nm) (Smith 1991) . The light of these two wavelengths could possibly promote the 1, 2, 3, 4, 4a, 7, 8, 4á, 4aá, 8aá) Leng et al. (2002) who found that younger ginkgo mulched with yellow, red and blue films could increase the photosynthetic rate and soluble sugar content of leaves. Talbott et al. (1993) also found that, under red light conditions, sucrose levels in guard cells of viciafaba increased to 208% of the initial level after 2 h red light treatment. Similarly, withering the tea leaves with red, yellow and blue lights can significantly increase the sugar content, which is conducive to the sweet taste. In addition, the luminous energy absorbed by photopigments can also engage in the second photoperiodic reaction to catalyze the increase of reduced nicotinamide adenine dinucleotide phosphate (NADPH), which may provide energy and electron for the synthesis of amino acids and proteins in dark reaction. So the red, yellow and blue lights can also facilitate the synthesis of amino acids and proteins. Kowallik (1982) found the blue light could significantly accelerate the dark respiration rate in mitochondria and the increased organic acids from the respiration could provide more carbon skeletons for the synthesis of amino acids. Another study found that a rise of the blue light proportion could increase nitratereductase activity and respiratoryrate, which respectively provide ammonia materials and carbon skeletons for the synthesis of nitrogen compound, leading to an increase in the concentration of leaf nitrogen, amino acid and protein (Shi Our results had a similar tendency that the amino acid content was obviously higher than that of the control after yellow, orange, red and blue light withering. However, the ultraviolet light treatment showed a lower content of amino acid, probably because amino acid was also a kind of photopigment, whose absorption area was located in ultraviolet light region (190-290 nm) (Smith 1991) , and strong absorption of ultraviolet light induced the decarboxylation and oxidative degradation of amino acids (Wang et al. 2006 ). Polyphenols had a strong absorption in the area of 290-390 nm (Smith 1991) which may cause degradation and oxidation and increased the content of catechins indirectly, and this was consistent with the results of blue and ultraviolet light treatments. Similar results were also observed in the yellow and orange light treatments, which may be related to the augment of amino acid. Since phenylalanine is the synthetic source of catechins, the augment of amino acid may probably indirectly increase the catechins content.
Theaflavins are produced as a result of enzymatic oxidation of catechins during black tea processing, indicating that the red, orange, yellow and blue lights increased the content of theaflavins indirectly owing to an increment in catechins. However, the ultraviolet light treatment did not show the same tendency, probably because polyphenols have a strong absorption of ultraviolet light (Smith 1991) , leading to the degradation of ester catechins, the precursor of theaflavins.
It has been reported that the aroma could be related to the change of catechins, amino acids and sugars in the processing of black tea. Sanderson et al. (1971) found that oxidation of catechins could lead to the formation of oxidized catechins under the catalysis of polyphenol oxidase, which could accelerate the conversion of b-carotene to bionone, an important ketone aroma compound. Thus the red, orange and yellow light treatments can increase not only the content of catechins, but also the synthesis of ketone aroma compounds. Additionally, amino acids could be converted to aldehydes by decarboxylation and oxidative deamination. For example, glycine can be transformed into formaldehyde, alanine into acetaldehyde, valine into isobutyraldehyde, leucine into isovaleraldehyde, and so on (Co and Sanderson 1970) . Furthermore, under high temperature conditions, amino acids, sugars and catechins can also produce furan, pyrrole, pyrazine and phenol compounds as well as their corresponding methyl, ethyl, hydroxide radical, acetyl derivatives, acetic acid and so on (Robinson and Owuor 1992) . Therefore, the yellow, orange and red lights may probably promote the production of aroma compounds indirectly by increasing the content of amino acids, sugars and catechins. 
